homologs of well-known meiotic genes. The direct implications are that Giardia is, or was recently, capable of sexual reproduction and, thus, does not represent an ancient eukaryotic lineage that diverged before meiosis arose. Instead, the origin of meiosis predates the diver- plemental Data), all indicate that these genes are comOne possible interpretation of these observations is that plete, bona fide homologs of meiotic genes. diplomonads such as Giardia represent an "intermedi- Table 2 shows that the Giardia genome encodes hoate" (i.e., premeiotic) stage in eukaryotic evolution [35] . mologs of key genes required for meiosis. Homologs of We have evaluated this compelling hypothesis and can five meiosis-specific genes are present in Giardia: now reject it.
states, including the presence of meiosis, early in eukarycomprised of Spo11, Rad50/Mre11, Dmc1, Rad51, Msh4/Msh5, and Mlh1. We expanded a list of "core meiotic evolution. Although this scenario is possible [12], current evidence is simply not sufficient to preclude otic genes" by including additional single genes and meiotic members of multigene families. The added Giardia from among the earliest diverging lineages of eukaryotes; recent multigene analyses support diplomogenes encode a synaptonemal complex protein (Hop1), recombination proteins (Hop2, Mnd1, and Rad52), and nads with parabasalids (together, two major groups of the "Excavate" protists [24] ) as the deepest eukaryotic additional members (i.e., paralogs) of the Msh and Mlh gene families, homologs of bacterial mutS and mutL lineage [21] .
If basal, Giardia could provide a phylogenetic key to [39] . Meiotic roles for these genes have been characterized in some AFP, but usually not in protists. Only some understanding the origin and evolution of meiosis [25] , and it has been suggested [26] that Giardia may repreof the proteins are meiosis specific-Spo11, Hop1, Hop2, Mnd1, Dmc1, Msh4, and Msh5-but they all play sent an older group of "ancient asexuals" than the famous bdelloid rotifers. Giardia has many characteristics key roles in meiosis. These genes would be expected in organisms capable of meiotic sex. Proteins encoded common among eukaryotic cells (e.g., a nucleus with a nuclear membrane, a cytoskeleton, and an endomemby these additional genes perform critical functions during the early stages of meiosis and are conserved among brane system), but it lacks features in most eukaryotes (e.g., nucleoli, peroxisomes, and mitochondria) [13, 27] . AFP and several protists. A relict organelle in Giardia appears to be mitochondrial [28] , and mitochondrial genes are present in its nucleus
Meiotic Genes in Giardia Suggest Sexuality [29] . Giardia has long been considered to be asexual These meiotic genes ( Giardia. Instead, we sought homologs of genes shown DNA replication … (which) is therefore reminiscent of to have crucial roles in meiosis conserved in AFP. All meiosis" [31] , and some genetic evidence consistent genes were identified with a rigorous bioinformatic prowith (but not unambiguously attributable to) sex in Giarcedure, and their presence in the Giardia genome validia has been reported [32] . Clonal (asexual) population dated by cloning and sequencing of PCR products from structure for Giardia has been inferred from fixed heterogenomic DNA. We discovered only minor sequence difzygosity, deviation from Hardy-Weinberg expectations, ferences between our clones and draft sequences (see and absence of recombinant genotypes [33] . Finally, a the Supplemental Data available with this article online). previous inspection of the Giardia genome data recently
The cloned genes, with multiple sequence alignments concluded "it is likely that sexual reproduction, if any, and rigorous phylogenetic analyses (see below and Supdid not play a major role in shaping its genome" [34] .
plemental Data), all indicate that these genes are comOne possible interpretation of these observations is that plete, bona fide homologs of meiotic genes. diplomonads such as Giardia represent an "intermedi- Table 2 shows that the Giardia genome encodes hoate" (i.e., premeiotic) stage in eukaryotic evolution [35] . mologs of key genes required for meiosis. Homologs of We have evaluated this compelling hypothesis and can five meiosis-specific genes are present in Giardia: now reject it.
Dmc1, Spo11, Mnd1, Hop1, and Hop2. Proteins encoded by these genes are not known to function outside of meiosis among AFP species. Of meiosis-specific Genes and Their Functions at the Core of Meiosis We used a phylogenomic approach [36] to identify and genes surveyed, Giardia does not appear to encode mutS homologs Msh4 and Msh5. Whether this is due to validate a core group of meiotic genes as indicators for the presence or absence of meiosis. Our selection of the loss of these genes or later evolutionary origins is unclear; the sparse distribution of Msh4/5 genes indimeiotic genes was based on previous studies in eukaryotic model systems-mostly AFP. We chose genes havcates some losses. Five meiosis-specific genes in Giardia in conjunction with other known meiotic genes proing major meiotic functions in AFP and conservation in sequence and function [2]. Gene products with similar vide strong evolutionary evidence for meiosis in the putatively asexual diplomonads. The presence of meiimportant roles in meiosis among known models have the greatest potential as meiotic indicators in diverse otic genes in Giardia and in the other protists surveyed (see below) extends the diversity of eukaryotes known to eukaryotes. Readily detectable protein sequence conservation among these genes ‫%51ف(‬ amino acid idencontain these genes. The collective presence of multiple genes that work together in meiotic recombination tity) was needed to identify potential homologs in evolutionarily distant species. We included some "meiosis strongly suggests that Giardia has or very recently had the capacity to undergo meiosis and, thus, sexual reprospecific" genes-null mutations in all of these genes (in S. cerevisiae, at least) are defective only in meiosis, and duction. The possibility that Giardia undergoes meiosis warrants further investigation; experiments will be remost genes do not function outside of meiosis, with some possible exceptions in mammals (Hop2 [37] and quired to ascertain whether Giardia is capable of meiotic sexual reproduction, but the comparative genomic data Mnd1 [38] ). The genes included in this survey, along with brief descriptions of their functions in meiosis, are presented here clearly support this testable hypothesis. Alternative hypotheses for the retention of meiosis given in Table 1 .
The "core meiotic recombination machinery" [2] is genes in Giardia require that they function in nonmeiotic 
processes, present either from the loss of meiosis (despecific gene present in Giardia requires independent loss or gain of meiotic functions in all other eukaryotes rived asexuality) or prior to its invention (ancestral asexuality). As the numbers of meiotic genes mount, these known. The strong inference of meiosis being present is arguments are increasingly problematic; each meiosisTable 2. Phylogenetic Distribution among Eukaryotes of Core Meiotic Genes and the Identities of Their Prokaryotic Homologs
Genes encoding meiosis-specific proteins are highlighted in grey and bold. The presence (ϩ) of homologous genes is based on data obtained by BLAST searches of protein (P) and nucleotide (n) sequence databases at NCBI (and TIGR for Entamoeba) and by cloning/sequencing (S) of selected genes (from Giardia). If more than one gene is present, copy number is indicated in parentheses. Genes apparently absent from completed genome sequencing projects are indicated by minus (Ϫ), and putatively missing data (from unfinished genomes) are left blank. based on the evolutionary principle of "use it or lose it": do not, or only weakly, support it. Many of these genes are relatively short and may have rapid evolutionary functions, and the genes that encode them, will be lost by mutation and drift if not maintained by selection. This rates, making them inadequate to reconstruct evolutionary relationships across the depth of eukaryotic phylogprocess is remarkably rapid for genes, with the half-life for newly duplicated genes at ‫7-3ف‬ million years [40] .
eny. However, strong conclusions in all cases for the orthology of individual Giardia genes to other meiotic Yet, the apparent absence of any one gene (or even a few) by evolutionary loss or by inability to find it does genes can be made: The Giardia proteins group unequivocally with other eukaryotic homologs of the pronot imply loss of meiosis. Indeed, some meiotic genes included in our inventory have clearly been lost in speteins in question, usually as a deep branch (see Figure  1 ; Supplemental Data). For gene families, the ascertaincies in which meiosis is known. Most striking is the shared absence of a group of genes (Hop2, Mnd1, ment of orthology requires careful evaluation of the phylogeny. For example, Figure 1D demonstrates that both Rad52, Dmc1, Mlh1, and Mlh3) in Drosophila, Anopheles, and Caenorhabditis, as well as the absence of a recA homologs present in Giardia are clearly Dmc1 orthologs. This strongly supported result demands that a subset of these genes in Neurospora. We note that at least some these proteins are known to function toRad51 ortholog be actually missing from Giardia by either gene loss or as a result of incomplete genome gether [37, 38, 41, 42] and are present widely among other eukaryotes (Table 2) . Thus, together, these genes data. An alternative hypothesis that the Giardia lineage diverged prior to the Rad51/Dmc1 duplication is reusually play an important meiotic role in most eukaryotes. The patterns observed in Table 2 The potential of Giardia to perform meiosis-and the direct inference for the presence of sex-is certainly the other. Trees are needed to specify orthologs from paralogs and to discern some cases of gene loss. A clear most surprising result of this work. Nonetheless, a more fundamental consequence is using Giardia as an evoluexample is a previous BLAST-based analysis of the Giardia genome that erroneously indicated the presence of tionarily distant exemplar for the presence and conservation of the core meiotic genes across a wide diversity Rad51 [34] that is a Dmc1 ortholog instead.
For the set of core meiosis genes in Giardia, our phyloof eukaryotes. We are extending our census of these meiotic genes to other protists. Included here is our genetic analyses provide strong evidence that all of the genes listed in Table 2 are bona fide homologs of meiotic initial survey (Table 2 ) of additional protist lineages for which substantial data exist from genome sequencing genes in other eukaryotes (Figure 1; Supplemental Data) . The observed relationships among organisms usually projects, both complete (Plasmodium) and ongoing (Entamoeba and the Kinetoplastids Trypanosoma and follow other well-studied phylogenetic markers (e.g., [10]), placing Giardia as an early branch among eukaryLeishmania). These additional data also supply clear evidence for the maintenance of meiosis across eukaryotes; in some of the trees, the observed relationships 
